Abstract. Relative cross sections for the valence shell photoionisation (PI) of 2 S ground level and 2 D metastable Ca + ions were measured with high energy resolution by using the ion-photon merged-beams technique at the Advanced Light Source. Overview measurements were performed with a full width at half maximum bandpass of ∆E = 17 meV, covering the energy range 20 eV -56 eV. Details of the PI spectrum were investigated at energy resolutions reaching the level of ∆E = 3.3 meV. The photon energy scale was calibrated with an uncertainty of ±5 meV. By comparison with previous absolute measurements the present experimental high-resolution data were normalised to an absolute cross-section scale and the fraction of metastable Ca + ions that were present in the parent ion beam was determined to be 18±4%. Large-scale R-matrix calculations using the Dirac Coulomb approximation and employing 594 levels in the close-coupling expansion were performed for the Ca + (3s 2 3p 6 4s 2 S 1/2 ) and Ca + (3s 2 3p 6 3d 2 D 3/2,5/2 ) levels. The experimental data are compared with the results of these calculations and previous theoretical and experimental studies.
Introduction
Multiply excited states play an important role in electron-ion and photon-ion interactions; cross sections are often dominated by indirect processes, forming intermediate autoionizing states which then decay into the different final channels that are observed in various types of experiments. In particular, autoionizing states are most relevant in photoionisation (PI) and its time-reversed analog, photorecombination (PR) of ions, where they produce resonances superimposed on smooth cross sections for direct reaction channels. The pathways of a reaction via direct and resonance channels may not always be distinguishable. If the initial and final states are identical, the amplitudes of the pathways interfere and, as a result, the associated cross sections show resonance contributions with distorted line shapes, the so called Fano profiles ( [1] and references therein). Studying such interference in detail can provide deep insights into the quantum dynamics of atomic-scale systems [2] .
While Fano line shapes are commonly observed in PI, electron-ion recombination experiments rarely show direct evidence for interference phenomena. Because of the importance of such effects, theoretical attempts have been made to predict interference of resonant (indirect) and direct PR channels as well as interference of interacting resonances [3, 4] . A particular example is the prediction of an asymmetric resonance profile in PR of Sc 3+ ions by Gorczyca et al [5] involving the following transitions e − + (3s 2 3p 6 1 S) → (3s
(3s 2 3p 6 3d 2 D) + γ.
The two indistinguishable pathways to the final 2 D term with a photon γ emitted produce an asymmetric resonance line shape, and the fact that the intermediate 2 F term can decay by a very fast Super-Koster-Cronig transition makes this resonance extremely broad, facilitating its detailed mapping in a recombination experiment.
This carefully chosen example set the starting point for a very fruitful research initiative on PR of argon-like and PI of potassium-like ions both in theory and experiment aiming at the detailed spectroscopy of multiply excited levels of potassiumlike ions in low charge states. First experiments on the recombination of Ar-like Sc 3+ ions [6, 7] did not show the predicted asymmetric resonance in the expected energy range, indicating the difficulties to correctly predict level energies in an atomic system where the 3d and 4s subshells compete for providing the lowest binding energy for an electron and where an additional 3p vacancy is present. Therefore, experiments were started on PR of Ti 4+ [8] which is isoelectronic with Sc 3+ . It became clear that the prediction of resonance energies, i.e., energies of autoionizing levels in Klike ions, and of their decay properties is much more challenging than previously anticipated. New measurements on PR of Sc 3+ ions [9] , conducted under greatly improved experimental conditions, clearly revealed the existing discrepancies between calculated and observed resonance energies and cross sections. Motivated by this unsatisfying situation the experimental efforts were extended to PI of potassium-like Sc 2+ [10, 11] and Ti 3+ ions [12] and by exploiting the principle of detailed balance based on time-reversal symmetry, the measurements on PR and PI provided a very consistent picture confirming the initial prediction of asymmetric resonances as a consequence of interference of resonant and direct interaction channels. Within this same spectroscopy-oriented initiative, experiments were conducted on PI of potassiumlike Ca + , for which preliminary results were reported [13] , and on PI of Fe 7+ ions [14] .
Substantial progress was achieved on the theory side in the treatment of PR of argon-like ions and PI of potassium-like ions [15] [16] [17] [18] [19] [20] . The PI and PR spectra of scandium and titanium ions of relevance in the present context appear to now be well understood. However, the existing calculations for PI of Fe 7+ ions [18, 21] do not reproduce the experimental findings [14] in a satisfying manner, and the reason for this is not yet clear. The situation for Ca + , the lightest ion in the potassium isoelectronic sequence, is the topic of the present investigation. Complications in the theoretical treatment are to be expected because of the low parent-ion charge state and the corresponding strong influence of electronic correlations and inter-channel coupling which give rise to the subtle interplay of the 3d and 4s subshells.
The detailed investigation and understanding of electronic structure observable in PI of Ca + , and consequently also in PR of Ca 2+ ions, is not the only motivation for research on calcium ions in low charge states. Properties of the Ca + ion are of great interest and importance in astrophysics. For example, the absorption spectrum of the Ca + ion in its 4s 2 S ground level or its long-lived excited 3d 2 D levels is used to explore the structure and properties of interstellar dust clouds [22, 23] . The interstellar lines of Ca II (IS CaII K and IS Ca II H) have been observed in the spectrum of the bright Seyfert galaxy NGC 3783 [24] . Emission in the Ca II H and K line cores has long been known to be a good proxy for magnetic activity in the Sun [25] . PI of Ca + (Ca II) ions out of the metastable excited 3d 2 D term is important for understanding the Sun and sunspot atmospheres [26, 27] . Ca II H spectra [28, 29] have been used to examine whether spicules can be detected in the broad-band Ca II H filter imaging data on the solar disc [30] . Spectral lines of Ca II have also been observed in the photospheric spectra of luminous supernovae [31] . Fundamental atomic data on Ca II are required to understand all these observed spectra.
Few measurements have been made on the Ca + ion. Spectroscopic measurements on photoabsorption by Ca, Ca * , and Ca + in the range of excitations of a 3p electron were first reported by Sonntag et al [32] who produced a plasma by laser-irradiation of Ca vapour and observed the absorption of quasi-continuum VUV backlight emitted by a second laser-generated plasma. Absolute photoionisation cross sections were first measured by Lyon et al [33] , who merged beams of tunable monochromatic VUV synchrotron radiation (282Å ≤ λ ≤ 498Å) and ground-level Ca + ions. Electron spectroscopy experiments were performed on Ca + by Bizau et al [34] and a similar attempt was undertaken on metastable Ca + ions by Gottwald et al [35] . Valence-shell PI studies on the ground and metastable levels of Ca + were carried out by Kjeldsen et al [36] in the photon energy range 28.0 -30.5 eV. PI along the sequence of ions from Ca + to Ni + in the range of 3p → 3d transitions was studied experimentally by Hansen et al [37] .
Diverse theoretical methods have been used to study PI of neutral and singly ionized calcium. Altun and Kelly [38] used many-body perturbation theory (MBPT) to study PI of the neutral atom with excitation to the residual Ca + 3d and 4p levels. For the Ca + ion the first ab initio calculations using the R-matrix method in an LScoupling scheme were carried out by Miecznik et al [39] for the energy range from above the first ionisation threshold to a photon energy of 43.54 eV. Configurationinteraction wavefunctions generated from the 3s 2 3p 5 n (n = 4s, 4p, 3d and 4d), where 4d is a pseudo-orbital, were included in the R-matrix close-coupling expansion. The corresponding Rydberg series of resonances were analyzed and compared with the early experimental data of Lyon et al [33] . The LS-coupling scheme used by Miecznik et al in their pioneering work on Ca + neglected relativistic effects.
Following the work of Miecznik et al [39] , calculations by Ivanov and West [40] , using the non-relativistic, spin polarized version of the random-phase approximation with exchange (RPAE), determined positions and intensities of the resonances seen experimentally in the PI spectrum of Ca + in the range 27 -43 eV [33] . Values for the oscillator strengths and energy positions for the main one-electron transitions were obtained, and this information was used to tentatively identify the most prominent features in the experimental spectrum. Hansen [42] using a total of 206 configurations provided recommended level assignments for the spectrum obtained by Lyon et al together with resonance energies and oscillator strengths. Many-body perturbation theory was used by Jiang et al [43] to calculate the resonance structure of 3p → 3d transitions in ground-level Ca
More recently, PI cross-section calculations for Ca + were extended by Sossah et al [19] using the R-matrix method in both LS and intermediate coupling (lsj) approximations. Configuration interaction wavefunctions, generated from 3s 2 3p 5 n , (n = 4s, 4p, 3d, 4d, 5s, 5p and 5d), where 4d, . . . 5d are pseudo-orbitals, were included in the R-matrix expansion. The work of Sossah et al [19] was restricted to including 17 fine-structure levels in the close-coupling calculations, where the residual states were represented by highly sophisticated correlated configuration wavefunctions generated from selective one and two-electron promotions. The results of Sossah et al [19] were in very respectable agreement with the previous experimental work performed by Kjeldsen et al [36] .
The availability of large-scale computational facilities now makes it possible to extend previous theoretical work by using close-coupling calculations within the Dirac Coulumb (jj) R-matrix approximation with very large basis sets. Corresponding results are compared with previous experimental studies and with the present measurements, which were performed over a wider energy range and at higher energy resolution as compared to previous experiments using undulator radiation from a third-generation synchrotron source.
The layout of this paper is as follows. Section 2 presents the experimental procedures and section 3 outlines the corresponding theoretical approach. In section 4 the results from the present findings are discussed. Finally in section 5 the results of this work are summarised.
Experiment
The experiments on PI of Ca + ions made use of the Ion-Photon Beam (IPB) endstation of undulator beamline 10.0.1.2 at the Advanced Light Source (ALS) in Berkeley, California, USA. The merged-beams technique [44, 45] was employed. Experimental methods for studying photoabsorption by ions and typical results of such experiments have been reviewed by Müller et al [46, 47] . The most recent publication of experimental results from the IPB addressed PI of W 4+ ions [48] . The general layout of the IPB setup and the associated experimental procedures were described in detail by Covington et al [49] . Here, only a brief overview of the experiment is presented with details specific to the present measurements.
Beams of Ca
+ ions of 6 keV energy were produced using a commercial hotfilament, low-pressure-discharge ion source on a positive potential of 6 kV. Metallic calcium was deposited inside the source body and evaporated into the discharge plasma. The source had been developed on the basis of the electron-bombardement plasma source described by Menzinger and Wåhlin [50] . This type of ion source has often been employed in experiments where pure beams of ions in their ground level were desired. For producing such beams the anode voltage in the source is kept sufficiently low that electrons do not gain enough energy to reach excited ionic levels from the ground state of the neutral atom. In contrast, the anode voltage was purposely set at a relatively high voltage (80 V) [51] and 1168(7) ms [52] , respectively. These lifetimes are more than four orders of magnitude longer than the flight time of the Ca + ions from the source to the photon-ion interaction region. Collisional quenching of the metastable levels by interactions with the residual gas can be neglected in the high to ultra-high vacuum of the apparatus. Hence, an initial population of the long-lived excited levels does not change while the ions travel to the interaction region. Analysis of the data taken in the experiment showed that 18% of the ions in the primary beam were in the 3p 6 3d 2 D metastable term (for details see below).
The ion beam extracted from the source was analysed with respect to mass per charge by a 60
• dipole bending magnet. The selected 40 Ca + beam component was collimated and transported by suitable electrostatic lens and steering elements to an electrostatic 90
• spherical deflector, the merger, which directed the parent ion beam onto the axis of a monoenergetic beam of photons from the beamline monochromator. In the merging section between the 90
• spherical deflector and a subsequent 45
• bending magnet, the demerger, parent 40 Ca + ions were excited and ionized by photons. After ion charge-state separation by the demerger magnet the parent beam was collected in a Faraday cup and the Ca 2+ product ions were detected by a microsphere-plate detector. The photon flux was measured by a calibrated Si X-ray diode. The photon energy was scanned in steps of 5 meV for the overview spectrum covering the range from 20 to 56 eV at 17 meV resolution. The step size was reduced in narrower energy ranges when smaller bandwidths of photon energies were employed (e.g. 0.5 meV steps for 4.6 meV resolution). At each photon energy, data were alternately taken for 1 s with both beams "on" and then again for 1 s with the photon beam "off". The integrated ion current, the photon flux, and the number of product Ca 2+ ions collected in each of the "on" and "off" phases were recorded, permitting subtraction of the detector background which arises mainly from collisions of the parent ions with the residual gas and from stray particles and photons produced when the ions hit surfaces.
In one energy scan a range of typically 1 eV was covered assuming that the form factor [44] , which quantifies the overlap of the photon beam and the ion beam, does not significantly change over such a short energy interval. For checking the reproducibility and consistency of the measurements, additional scans were recorded in energy ranges spanning up to 5.2 eV. Numerous overlapping scans were measured to cover the total energy range of interest. The resulting overview spectrum at 17±2 meV resolution comprises more than 7200 data points. In addition, shorter energy ranges were scanned at higher resolution, including bandpasses of 8.8 meV, 4.6 meV, and 3.3 meV. Because of the availability of absolute cross sections for PI of Ca + in smaller energy regions and at lower resolving powers [33, 36] no attempt was made to carry out absolute measurements in the present study. The focus was rather on well calibrated photon energies and high-resolution spectroscopy of autoionizing levels in the Ca + ion. For the determination of the ion-rest-frame photon energy the Doppler effect resulting from the counter-propagation of photons and the 1.7×10 7 cm/s Ca + ions was taken into account. These corrections were between 10 and 30 meV in the investigated energy range. The photon energy was calibrated by an ionisationthreshold measurement with 6 keV K + ions (31.62500 (19) [53] ). The total absolute uncertainty of the energy scale is estimated to be ±5 meV. In the determination of specific resonance energies from the scan measurements the statistical uncertainties of the measured cross sections can introduce additional uncertainties.
The raw spectrum obtained in the experiment was corrected for effects of higherorder radiation known to be present at the ALS photon beamline employed in the present measurements. These effects depend on the photon energy and are significant below approximately 25 eV. The necessary corrections have been discussed previously by Müller et al [54] . With these corrections the ion yield was normalised to ion current and photon flux, i. e., the relative cross section function for PI of Ca + ions was obtained.
The present relative PI cross sections were normalised to the previous absolute measurements by Lyon et al and Kjeldsen et al . In a first step, the overview scan spectrum was normalized to the data of Lyon et al which cover a relatively wide range of photon energies from 28 to 42.5 eV. Lyon et al used a surface ionisation source that produced only ground-level Ca + (3p 6 4s 2 S 1/2 ) ions. Hence, the normalized scan spectrum which was taken with a mixture of ground-state and metastable Ca + ions was still to be corrected for the metastable-ion fraction in the parent ion beam. Kjeldsen et al were able to produce mixed beams of Ca + ions in the 2 S ground-level and 2 D metastable ions with different fractional compositions. From the measured absolute cross sections for different mixtures they were able to infer the absolute cross sections σ g for ground-level Ca + ( 2 S) and σ m for metastable Ca + ( 2 D). The complete resonance strength contained in the measured spectrum σ g in the energy range 28.1 -30.1 eV is 20.6 Mb eV in the Kjeldsen et al data and 23.1 Mb eV in the Lyon et al measurement. The two numbers differ by about 11%, well within the combined error bars of the two data sets. In the present experiment a mixed beam was used with the fraction m of metastable ions not known a priori. Thus, the measured relative cross section σ rel can be described as
where α is an overall calibration factor. 
The ratio of the two equations yields the fraction m of metastable ions in the parent ion beam
Once m is known, α immediately follows from either one of the equations 3 or 4 and hence the normalised cross section for the mixed beam σ mix = σ rel /α. + ions and resolved in both the present and the Lyon-et al spectra shows agreement within a factor 0.82 ± 0.15. This factor has to be expected for a 82% fraction of ground-level ions in the present experiment indicating that 30% is a conservative estimate of the relative systematic uncertainty.
Theory
High-resolution PI cross-section measurements require state-of-the-art theoretical methods with relativistic effects [55] , in order to obtain suitable agreement with experiment. This has been demonstrated for the Ca + ion by Sossah et al [19] who compared nonrelativistic and relativistic (Breit-Pauli) R-matrix calculations with the experimental results available at the time. The present work employs an efficient parallel version [56, 57] of the Dirac-Atomic R-matrix-Codes (DARC) [58] [59] [60] [61] [62] developed for treating electron and photon interactions with atomic systems. This suite continues to evolve [63] [64] [65] [66] in order to provide for ever increasing larger expansions of target and collision models for electron and photon impact with heavy atomic systems.
The DARC suite of codes allows high-quality PI cross section calculations to be performed on heavy complex systems. PI cross-section calculations of Se [78] have been made using these DARC codes. Suitable agreement of the DARC photoionisation cross-sections with high resolution measurements performed at leading synchrotron light sources was obtained. For PI cross-section calculations on the Ca + ion, close-coupling DARC computations were initially performed using 93 levels of the residual Ca 2+ ion arising from single electron promotion to the n=3, 4 and 5 levels from the groundstate configuration, 3s 2 3p 6 , resulting in a total of eleven configurations. 2 ), giving 1153 levels was also investigated. Table 1 shows a sample of results from selective models for the energy levels using the GRASP code for the lowest 16 levels of the residual Ca 2+ ion. The present results are compared with previous theoretical studies from the AUTOSTRUCTURE (AUTOS) [17, 19] and MCHF codes [81] and with the NIST tabulated values [53] . From the results presented in table 1, it is clear that in order to achieve spectroscopic accuracy, much larger-scale configuration interaction models than considered here are required. This is due primarily to the very slow convergence of the external electron correlation incorporated into the models. Due to the limitations of available computation resources, even with access to world-leading computer facilities, the 594-level approximation was used as a compromise for the target and scattering approximations. It will be seen to reproduce the main features in the experimental PI cross sections.
The atomic structure calculations were performed with the GRASP code [55, 79, 80] to provide target wavefunctions for the various models of the residual ion used in the close-coupling PI cross section calculations. All these calculations were performed in the Dirac Coulomb R-matrix approximation using the parallel version of the DARC codes [60] [61] [62] . Fourteen continuum orbitals were employed to span the photon energy range of interest and a boundary radius of 29.76 atomic units was necessary to accommodate all the diffuse n=5 orbitals of the residual doubly ionized calcium ion.
PI cross section calculations were performed for the 3s 2 3p 6 4s 2 S 1/2 ground level and the metastable 3s 2 3p 6 3d 2 D 3/2,5/2 levels of Ca + . The outer-region electron-ion collision problem was solved (in the resonance region below and between all thresholds) using a suitably chosen fine energy mesh of 8.0×10
−7 Rydbergs (≈ 10.9 µeV) to resolve the fine resonance structure in the photoionisation cross sections. The jj-coupled Hamiltonian diagonal matrices were adjusted so that the theoretical term energies matched the recommended experimental values of NIST [53] .
Results and Discussion
The results of the present DARC PI cross-section calculations on the basis of the 93-level and 594-level models are presented in figure 1 for Ca + (3p 6 4s 2 S 1/2 ), in figure 2 for Ca + (3p 6 3d 2 D 3/2 ), and in figure 3 for Ca + (3p 6 3d 2 D 5/2 ). The sizes of the cross sections which were convoluted with Gaussians of 17 meV full width at half maximum (FWHM) show energy-dependent variations of more than five orders of magnitude. Therefore, a logarithmic scale is chosen for the vertical axes. The cross sections obtained by the two different models are similar. Slight shifts in the energy scales, mainly towards lower energies for the more sophisticated calculations, are visible. The (non-resonant) cross sections for direct removal of an electron from Ca + at energies beyond approximately 42 eV are smaller in the 594cc approximation as compared to the 93cc model. Very broad strong resonances are found at about 33 eV in the ground-level Ca + PI spectrum and at about 29 eV in the PI spectra of metastable Ca + ions. The profiles of these "giant" resonances are jagged in the 93cc approximation and smooth in the 594cc calculations. The smooth profiles agree better with the experimental data as do the level energies of the broadest peaks obtained in the 594cc calculation (see below).
The PI calculations for ground-level Ca + (3p 6 4s 2 S 1/2 ) ions can be compared with and benchmarked by the absolute measurements carried out by Lyon et al [33] . Their experimental PI spectrum was measured at a resolution of 32 meV. It is displayed in panel a) of figure 4. For comparison, the theoretical results of the 17-level BreitPauli R-matrix [19] and the present 594-level DARC calculations are shown in panels b) and c), respectively. The theoretical spectra were convoluted by Gaussians of 32 meV FWHM in order to simulate the experimental photon-energy resolution. At energies up to about 34 eV the main features in the experimental spectrum can be readily associated with corresponding structures in the theoretical spectra. At higher energies it is more difficult to find corresponding features in the experimental and theoretical spectra. Slightly below 38 eV there is another broad, strong peak in the measured cross section which is also visible in the theoretical spectra. It is reproduced better by the present DARC calculation as compared to the Breit-Pauli result. The theoretical data reproduce the dominant features and overall spectral shape found in the experiment of Lyon et al reasonably well but deviate in the details of the smaller resonance contributions.
Measurements by Kjeldsen et al [36] on PI of ground-level and metastable Ca + in the energy range 28.0 to 30.5 eV are key to the normalization of the present experimental spectrum. Their absolute cross sections for PI of ground-level Ca + are shown in panel b) of figure 5 along with the data obtained in the pioneering experiment by Lyon et al [33] in the same energy range (see panel a) three decades ago. The superior resolution and statistical precision of the Kjeldsen et al data is obvious, emphasising advances in synchrotron radiation sources. A fit to the latter data yields a resolution of 21.2 meV compared to the 32 meV of the earlier measurement. The cross section derived by Kjeldsen et al for the metastable Ca + (3d 2 D) parent-ion term is shown in panel c). A fit to these data suggests an energy resolution of about 28 meV.
The spectra in panels b) and c) were used to normalise the present relative cross sections for PI of a mixture of ground-level and metastable Ca + parent ions (panel d) as described already in section 2. The present data are superior to the results of Kjeldsen et al with respect to resolution (17 meV) and statistical significance. The contributions of ground-level and metastable parent ions can be clearly and unambiguously distinguished at energies up to 30.13 eV. Only the multi-peak feature at photon energies between 30.14 and 30.30 eV is a mixture of contributions from the 2 S and 2 D initial terms and has therefore been excluded from the analysis. The When correcting for this fractional abundance, the present experiment yields a peak cross section of 2114 Mb, only 3.5% below the Lyon et al measurement, and well within their systematic experimental uncertainties. Higher members of the (3p 5 nd 1 P)4s 2 P Rydberg sequence are seen in the Lyon et al spectrum (n = 4, 5) and in the present spectrum shown in panel a) with n up to 12. A careful analysis and higher-resolution measurements reveal Rydberg contributions up to n = 22 (see below). The peak assignments provided in figure 6 are discussed in more detail below in the context of observed level energies and peak widths. Figure 7 compares the present experimental and theoretical results obtained in the photon energy range 20 to 56 eV. Since the parent ion beam in the experiment was a mixture of Ca + (3p 6 4s 2 S 1/2 ) ions in their ground level and of Ca + (3p 6 3d 2 D 3/2,5/2 ) in their metastable levels, a weighted sum of the theoretical cross sections for each of these levels had to be constructed to model the experiment. The fractional abundances of ground-level and metastable-term ions have been inferred to be 82% and 18%, respectively (see section 2). For the relative population of the fine-structure components 2 D 3/2 and 2 D 5/2 of the metastable 2 D term statistical weights of 4/10 and 6/10, respectively, are a reasonable assumption (see for example [82] The experimental data show considerable statistical fluctuations in the regions of the lowest and the highest photon energies. This is due to the small cross sections and the resulting small signal rates. Moreover, the photon flux from the grating used in this experiment is low at energies below about 25 eV and above 45 eV. Nevertheless, small resonances with magnitudes of only a few Mb could be still investigated even in the unfavorable photon-energy regions. Larger resonances were observed with excellent statistical quality. The comparison with the DARC calculations shows good overall agreement of the experimental and theoretical cross sections. In particular, the magnitudes, shapes and energies of the most prominent features are well reproduced by theory.
An additional check on the theoretical data is a comparison of the integrated oscillator strength f with experiment. The integrated oscillator strength f of the PI spectra was calculated using [83] ,
The total oscillator strength from the present ALS measurements is 5.2 ± 1. . The lowest row is for direct PI from the 2 S 1/2 ground level, the middle and upper rows of vertical bars are for the 2 D 3/2 and 2 D 5/2 metastable initial levels, respectively, which do not differ much from one another. The threshold energies are given by the minimum ionisation energy of the initial Ca + level plus the excitation energy from the ground state of Ca 2+ to the given excited level. The first sixteen of these levels are discussed in table 1. All energies were taken from the NIST tabulations [53] .
All excited levels of Ca 2+ that can be reached from one of the Ca + ground and metastable initial levels are associated with Rydberg sequences of highly excited, autoionizing levels in Ca + . Given the number of PI thresholds in the photon energy range of interest it is understandable that the PI spectrum is very complex, especially near the series limits. Assignment of levels to the observed peak features in the energy range above 34 eV is difficult. Identification was possible mainly at energies lower than 34 eV. Peaks identified by Sossah et al [19] [19] are labeled by numbers, additional features where the identification is not unique are labeled by letters. The inset displays the results of a short-range energy scan with a resolution of 8.8 meV. The solid (red) line in the inset is a separate fit to the experimental data using six Voigt profiles and considering the increase in resolution. Level assignments and resonance parameters extracted from the fits are provided in tables 2 and 3.
described in the context of figure 7 .
The individual contributions to the model cross sections arising from the 2 S 1/2 ground level and the 2 D metastable excited term are specified in the results of the theoretical work shown in figure 8 . In panels b) and c) the light (blue) shaded areas represent the ground-level contributions to the model spectra, the darker-shaded areas represent the metastable-term contributions. In panel b) the ground-level contribution is added to the metastable-term contribution while in panel c) the metastable-term contribution is added to the ground-level contribution. This makes a difference in the appearance of the relative contributions because the logarithmic scale emphasizes small cross sections. The different presentations of the two theory spectra, which are quite similar to one another, make this effect of the nonlinear scale obvious and help assess the magnitudes of the individual contributions. This comparison clarifies which peak features arise from the metastable-term and which from the ground level.
The following figures display enlargements of smaller energy regions of the experimental spectrum on linear scales so that fine details in the spectra are evident. Figure 9 shows the present experimental spectrum in the energy range 23 to 28 eV. Peaks labeled by numbers are associated with level identifications provided by Sossah et al [19] . The assignments are made on the basis of similarities of the present experimental results with the calculated Breit-Pauli model spectrum shown in figure 8 . Peaks labeled by letters could not be unambiguously identified. The complete set of cross-section features displayed in this figure has been fitted with eighteen Voigt profiles shown as a solid (red) line. The narrow energy region 25.7 to 26.2 eV was scanned with a resolution of 8.8 meV at 1.5 meV step width. The resulting high-resolution spectrum is shown in the inset. The numbered peaks are identified in table 2 where the peak energies, the Lorentzian peak widths inherent in the Voigt profiles, and the resonance strengths are also provided. These results are compared in the same table with the findings of Sossah et al in order to provide an assessment of the quality of their peak assignments. The fitting parameters for the peaks labeled by letters are presented in table 3 . Figure 10 shows the present experimental spectrum in the energy range 28 to 33 eV. As in the preceding figure, peaks are labeled by numbers and letters. The complete set of cross section features displayed in this figure (and partly in figure 11 ) has been fitted with altogether twenty-eight Voigt profiles and, for the broadest peaks, two Fano profiles [83] convoluted with a Gaussian distribution function [84] . The fit curve is shown as a solid (red) line. The narrow energy region 29.9 to 30.4 eV was scanned with a resolution of 4.6 meV at 0.8 meV step width. The resulting highresolution spectrum is shown in the left inset.
The energy range around 30.9 eV shows an intriguing resonance feature which suggests interference of a broad and a narrow resonance of the same symmetry. In order to get additional information, the energy region 30.6 to 31.4 eV was scanned at 8.8 meV resolution with a step width of 1.5 meV. At this resolution the interference hypothesis is not compelling. A fit with three Voigt profiles for the central multi-peak feature gives a satisfactory result. This is even more so in the measurement with a further enhanced resolution of 3.3 meV at a step width of 0.5 meV. Clearly, three Voigt profiles give a good fit of the measured multi-peak feature. It is interesting to note, though, that the theoretical calculations of both the present 594-level DARC and particularly the previous Breit-Pauli R-matrix models show clear signatures of interference of peak numbers 15 and 17 which arise solely from the metastable component of the parent ion beam. As for the preceding figure, the peak labels are explained in tables 2 and 3, respectively.
The strong increase of the PI cross section seen at energies beyond 32 eV in figure 10 is the low-energy tail of the well known "giant resonance" that had been observed previously by Lyon et al . It is associated with the autoionizing (3p 5 3d 1 P)4s 2 P o term that is excited from the 2 S 1/2 ground level. This resonance dominates the whole spectrum as figure 11 clearly demonstrates. In order to resolve the smaller peaks which still have tens of Mb of cross section, the measured spectrum is multiplied by a factor 7 and shown again in figure 11 with an offset of 350 Mb. At energies beyond 33.5 eV, i. e., beyond the giant resonance the spectrum becomes very complex with many overlapping, unresolved resonances. Therefore, peak identification is restricted in the following to some of the more outstanding higher-energy features. The energy region below 33.5 eV is still sufficiently simple that a good fraction of the observed peaks can be identified. The first half of the spectrum displayed in figure 11 has been fitted with eleven Voigt profiles plus a Fano profile convoluted with a Gaussian [84] representing the "giant resonance". Their energies and widths are provided in tables 2 and 3.
While the fits give good representations of the experimental spectrum, one has to bear in mind that the broad peaks labeled with numbers 13 and 32 are not isolated single resonances. They are rather associated with unresolved (3p
(peak 13) and (3p 5 3d 1 P)4s 2 P o 1/2,3/2 (peak 32) fine-structure levels. Moreover, resonance 13 can be excited from both metastable levels, Ca + (3p 6 3d 2 D 3/2 ) and Ca + (3p 6 3d 2 D 5/2 ). Thus, the two broad peaks are mixtures of several unresolved individual resonances and hence fitting them with a single Gaussian convoluted Fano profile [84] each provides only an idea of the natural widths and the Fano asymmetry parameters q of the individual resonances. This is particularly true for the 2 F o resonance (13) where theory predicts the individual components to be up to 90 meV apart. The situation is better in the case of peak 32 which is populated from a single level, the 2 S 1/2 ground level of the Ca + ion. The fine-structure splitting is of the order of only 10 meV which is small compared to the Lorentzian width of Γ = 83 ± 1 meV found by fitting the experiment. The error bar of 1 meV is only the statistical uncertainty resulting from the fit of two fine-structure resonances with one Gaussian convoluted Fano profile [84] . The Fano asymmetry parameters found In this photon energy range the strong (3p 5 3d 1 P)4s 2 P o term can be excited from the 2 S 1/2 ground level of the Ca + ion. The solid (red) lines are fits to the experimental data. Resonances that can be associated with level identifications provided by Sossah et al [19] are labeled by numbers, and additional features where the identification is not unique are labeled by letters. For emphasizing the smaller resonances, the spectrum has been multiplied by a factor of 7 and then displayed again with an offset of 350 Mb. The solid (red) line is a fit to the experimental data using eleven Voigt profiles and one Fano profile convoluted with a Gaussian [84] for the "giant" resonance. The fit curve is also shown again with a multiplication factor of seven and an offset of 350 Mb. Level assignments and extracted resonance parameters are provided in tables 2 and 3. No attempt was undertaken to identify all of the numerous additional resonances occurring at energies beyond 33.5 eV.
for peaks numbered 13 and 32 are q=-19.8 and q=-174.7, respectively. Because of the blending of several resonances these numbers are only indicative for the presence of interference between direct and resonant PI channels associated with the experimental peak structures.
As mentioned above, the numbers and letters provided as labels in the preceding figures are explained in tables 2 and 3, respectively. From the fits to the peaks in those figures the resonance parameters were extracted. The peak areas are directly related to the oscillator strengths for photon absorption populating the associated excited levels. For an isolated resonance the integration in equation 6 has to be performed over the complete energy range to obtain the peak area from which the oscillator strength follows. Resonance energies, Lorentzian widths and resonance strengths found for the labeled peaks in figures 9, 10 and 11 are provided in the tables 2 and 3 together with the resonance energies and widths of the resonances identified by Sossah et al [19] . Extracting oscillator strengths requires knowledge of individual fractional abundances of Ca + ions in the ground level and the metastable levels contributing to each peak feature. Since many of the peak features are blends of several fine-structure components a detailed level-to-level assignment of peaks is not possible and hence, the oscillator strength cannot be recovered from the observed resonance strengths.
Uncertainties of the resonance strengths are directly related to the uncertainties quoted for the present cross sections, i.e., they are of the order of ±30% and may be larger because of statistical uncertainties. Many of the Lorentzian widths provided in the tables have large relative uncertainties. This is especially true when the fitted Lorentzian widths are comparable to or smaller than the photon energy bandwidths used in the experiments. The assignment of transitions (from a given initial level to an excited autoionizing level) to the experimental peaks is guided by the similarities seen in the experimental spectrum and the theory model spectrum displayed in figure 8 . The knowledge of the initial level of a given transition from theory and partly also from the existing experiments is the key to an appropriate assignment. Similarities of the measured and calculated resonance energies and widths provide additional confidence in the level assignments inferred from the work by Sossah et al [19] for the present experimental resonances. Table 2 : Identification of resonances observed in the experiments. The numbers correspond to peak labels in figures 9, 10 and 11. Along with the assignments of individual transitions, the resonance energies (in eV), the Lorentzian widths Γ (in meV) and the resonance strengths S (in Mb eV) inferred from fits to the experimental resonance features are provided together with their corresponding uncertainties ∆E res , ∆Γ, and ∆S, respectively. The experimental energies and widths are compared with those calculated by Sossah et al [19] Figure 12 shows the present experimental spectrum at a resolution of 17 meV in the energy range 36.1 to 42.8 eV. At energies near 42 eV the high-n members of a Rydberg sequence are clearly evident. This observation is confirmed by a measurement with better resolution (4.6 meV) covering the energy range 41.76 to 42.60 eV (see figure 13 ). Clearly, Rydberg resonances with principal quantum numbers n up to n = 22 are resolved. The energies of the peaks associated with n = 11, 12, 13, ... can be determined straightforwardly. Peaks with lower principal quantum numbers show substantial fine structure and may be obscured by resonances from other overlapping sequences so that a determination of their energies is more difficult. The peak energies E n for n = 11, ..., 20 can be fitted with a Rydberg formula considering a quantum defect ∆ that is independent of the principal quantum number n
with Z eff = 2. Actually, it is this fit that also determines which principal quantum numbers are associated with the individual Rydberg resonances. The best fit was obtained with ∆ = 0.6836 resulting in E ∞ = (42.582 ± 0.001) eV. The series limit is the minimum energy required to lift one of the Ca + electrons to the continuum leaving behind a Ca 2+ ion possibly in an excited state. Since it is not known a priori whether the series is associated with an initial ground-level or metastable Ca + ion, all the threshold energies shown as vertical bars in figure 8 have to be considered. These energies follow from the NIST tables [53] o 0 at 42.324 eV, which is 258 meV below the derived E ∞ . This is far outside the uncertainty of ±5 meV of the present energy scale and that of the fitting procedure. With the knowledge that the initial level is 2 S 1/2 and the fact that the photon-induced dipole-allowed transitions populate solely 2 P o 1/2,3/2 levels it follows that a 3p electron is transferred to a ns or a nd sublevel in the first step of the photoionisation process, the more likely channel being 3p → nd, while 3p → ns cannot be excluded. The second step is an Auger decay.
On the basis of the fit results, the sequence of Rydberg energies E n can be extrapolated towards lower n values (n < 11). The upper panel of figure 13 shows that the extrapolated energies E 10 and E 9 fit rather well to peak features in the high-resolution measurement. In figure 12 the energies E n are indicated for n down to n = 4 and, indeed, they match prominent peak features in the experimental spectrum. The relatively broad, large peak (33) with n = 4 is undoubtedly associated with the Ca + (3p 5 4d 1 P)4s 2 P o term. The extrapolated fit of E n to n = 4 is about 30 meV below the measured peak position. The energy deviation is understandable, considering the relatively low principal quantum number for which the quantum defect can no longer be expected to be independent of n. The peak with the next lower n is the "giant resonance" with n = 3. The associated energy from the fit is 32.439 eV with the constant quantum defect ∆ = 0.6836. This is about 0.76 eV below the experimental peak position. In order to match the measured resonance energy the quantum defect for n = 3 has to be adjusted to ∆ = 0.5919 which is reasonable considering the low principal quantum number.
The lower panel of figure 13 displays the result of the present 594-level DARC calculation in the identical energy range. However, the theoretical spectrum was shifted by +0.166 eV towards higher photon energies in order to match the experimental peak features. The agreement of the (shifted) calculated peak positions and shapes with the experiment is remarkable. Only the resonance feature predicted near 42.55 eV is not exactly there in the experimental spectrum. This peak is rather found near 42.8 eV in the experiment (see figure 14) . The theoretical spectrum is composed of relatively smooth cross section contributions arising from direct PI processes and of resonance contributions both predominantly associated with excitation of ground-level Ca + ions. This is in accord with the experimental assignment of the Rydberg series to 3p 6 4s 2 S 1/2 → (3p 5 nd 1 P)4s A small cross-section contribution arising from 2 D metastable levels is outside of the present range of the cross-section axis. n = 6, 7, 8, 9. The fit of the experimental resonance energies with a Rydberg formula of the type given by equation 7 yields a constant quantum defect ∆ = 0.592±0.003 and a series limit E ∞ = (45.627±0.002) eV. A comparison with the available photoionisation thresholds in the same manner as discussed above for the two preceding figures shows that the series limit is associated with the Ca 2+ (3s 2 3p 5 4p 3 S 1 ) level at 45.619 eV [53] which can be reached from the ground level of Ca + by removing a 3p electron and simultaneously exciting the 4s electron to the 4p subshell. Hence the Rydberg sequence is most likely associated with double excitations 3p4s → 4pnd.
The theoretical spectra obtained from the Breit-Pauli R-matrix approach and by the present 594-level DARC calculations are shown in panels b) and c) of figure 14, respectively. The resonance features in this energy range are due to photoexcitation of ground-level Ca + ions to autoionizing levels. The calculation by Sossah et al shows the end of the Rydberg sequence identified from figures 12 and 13 near 42.5 eV. Apart from that there is little resemblance to the experimental spectrum, except for a double-window resonance feature near 43.3 eV which corresponds in energy to the distinct single window resonance seen in the experiment. The DARC calculation does not show this window resonance but features a Rydberg sequence whose resonance energies match the experimental peak positions -provided the theoretical spectrum is shifted up in photon energy by 0.442 eV.
Summary and Conclusions
High-resolution photoionisation cross-section measurements on the Ca + ion at a resolution of 17 meV were carried out at the ALS synchrotron radiation facility. In smaller energy ranges the resolving power was substantially increased with photon energy bandpass values as small as 3.3 meV. The energy scale of the experiment was calibrated to within ±5 meV. On the basis of the resonance identifications provided by Sossah et al [19] it was possible to assign the appropriate spectroscopic notations to the most important peaks observed in the present experiment. The structures in the measured and calculated spectra are similar and resonances from theory and experiment can be associated, although resonance energies do not match perfectly. An additional criterion for the identification of specific autoionising levels is provided by the comparison of theoretical and experimental natural linewidths of resonances.
Asymmetries in resonance cross sections have been observed in the experiments indicating interference of specific PI channels. The extraction of individual Fano asymmetry parameters, natural line widths and lifetimes from the measurements is hampered by the blending of resonance features associated with experimentally unresolvable fine-structure contributions.
When compared with the present measurements, large-scale DARC calculations show suitable agreement over the photon energy region investigated and reproduce the main features in the experimental spectrum. Some minor discrepancies are found between the theoretical results obtained from the 594-level DARC collision model and the measurements. These are attributed to the limitations of electron-correlation incorporated in the present 594-level collision model. Larger-scale calculations, beyond the scope of the present investigation would likely be required to resolve this.
